Abstract -Capsular polysaccharides of types Ia, Ib, II and
INTRODUCTION
Because of their surface location on bacteria, capsular polysaccharides are at the interface of many host-bacteria interactions (1,2). They constitute the major antigens of many pathogenic bacteria and in consequence have been utilized in a number of human vaccines against disease caused by these bacteri a (1 , 3). Capsular polysacchari des are important virulence factors in bacterial disease, and although no single structural feature has been identified to account for the virulence of certain bacteria, it is more than circumstantial that all bacteria with capsular polysaccharides having terminal sialic acid are effective human pathogens (1,4). Experiments using whole bacteria having this type of capsule in a desialylated and chemically modified (5) form have demonstrated that sialic acid is able to inhibit the activation of the alternative pathway of complement, and it is not unreasonable to suppose that this structural feature was an evolutionary acquisition by bacteria to increase their potential to evade the human immune system (6) . The capsular polysaccharides of types Ia, Ib, II and III Group B Streptococcus and groups B and C Neisseria meningitidis all have terminal sialic acid and all are human pathogens (1,4). Therefore they are currently in use or are being considered for use as human vaccines (1, 3, 4) . The human immune response to the type III group B streptococcal polysaccharide has revealed another important function of terminal sialic acid, in that it is essential to the formation of the determinant responsible for the production of human protective antibodies, despite the fact that it is not immunogenic (1,4,7). The hypothesis proposed to explain the above phenomenon is that sialic acid is able to exert conformational control over determinants remote from itself, by through-space interactions with other glycosyl residues in the polysaccharide (7, 8) . Recently a similar proposal was also made to explain unusual long-range chemical shifts in the 13C-NMR spectra of some sialooligosaccharides obtained from human urine (9) .
The aforementioned polysaccharides have been structurally defined (10) (11) (12) and serve as useful models to study the conformational function of sialic acid when it is situated in a number of different molecular environments. Immunological and NMR spectroscopic studies on these polysaccharides were 893 aimed at confirming the above hypothesis and attempting to establish the factors involved in this functi on of si al i c acid. This phenomenon could be important as it provides a plausible explanation for the fact that despite its ubiquity in nature, termi nal si al ic acid is involved in many diverse and highly specific recognition processes (13) .
Certainly this phenomenon probably occurs frequently in nature, as there is NMR spectroscopic evidence indicative of the possibility of conformational control by sialic acid in glycoprotein (9) and gangliosides (14, 15) and immunological evidence which is consistent with its occurrence in blood group substances (16) .
RESULTS AND DISCUSSION

Polysaccharide structures
The structures of the specific capsular polysaccharide antigens of groups B and C Neisseria meningitidis and types Ia, Ib, II and III group B Streptococcus are shown in Table 1 and all contain sialic acid. The groups 
Sialic acid-containing polysaccharides of human pathogenic bacteria 895 B and C rneningococcal polysaccharides are both homopolymers of sialic acid, different strains of group C organisms producing the same homopolymer with and without 0-acetyl substituents (17, 18) . In this paper for the sake of simplicity tTie latter homopolymer will be referred to as the group C polysaccharide. Because of the uniqueness of polysaccharides containing sialic acid, and because of their extreme fragility, the structure of these polysaccharides was more readily deduced using '3C-NMR spectroscopy than by using more conventional techniques. The '3C-NMR spectra of the groups B and C polysaccharides, the former shown in Fig. 1 signals, each signal representing a different carbon atom of their sialic acid repeating units. The simplicity of the spectra indicated that both the groups B and C polysaccharides were linear homopolymers of sialic acid each containing only one type of linkage. By comparing the above spectra with those of monomeric sialic acid methyl glycosides it was possible to deduce from the chemical shifts of the signals assigned to Cl, C4 and C6 that the sialic acid residues in both polysaccharides were in the ct-configuration. That the sialic acid residues of the group B polysaccharide were linked ct-(2+8) and those of the C polysaccharide -(2÷9) was deduced by characteristic chemical shift displacements in carbons associated with, or vicinal to, the linkages (17) .
The native types Ia, lb and III group B streptococcal antigens contain Dgalactose, D-glucose, 2-acetamido-2-deoxy-D-glucose and sialic acid in the molar ratio? of 2:1:1:1, and constitute a roup of isomeric heteropolysaccharides (10,11) whereas the type II native antigen has the same component sugars but in a different molar ratio (3:2:1:1 respectively) (12) .
These structures were elucidated in large part by comparison of the methylation analyses of the native antigens with those of the corresponding specifically modified antigens produced by the sequential removal of component sugars from the branches of the native polysaccharides. These modified antigens also proved to be useful in immunological specificity studies. All the polysaccharides contain terminal sialic acid residues and a common trisaccharide which forms the repeatiTrg unit of the bacbone of the tye III polysaccharide. In the types Ia, lb and II antigens the terminal sialic acid is ct-(2+3)-linked to r-D-galactopyranosyl residues, while in the type III antigen it is ct-(2÷6)-liliked to the same residue Biological and immunological significance tructura1ly the meningococcaFgroups B and C and the group B streptococcal antigens are of interest because of their relationship to each other and to other biologically important molecules. These polysaccharides are representative structures in which si ali c acid is situated in a van ety of different molecular envi ronments and they can be conveni ently classified as linear polymers having -RPM. disaccharide branches terminating in sialic acid (type III polysacchari de). 2. trisaccharide branches terminating in siaflc acid (types Ia and lb polysacchari des). 3 . monomeric sialic acid branches (type II polysaccharide). 4 . terminal and internal sialic acid (groups B and C polysaccharides).
These polysaccharides are of interest because they are immunogenic, and largely immunospecific, despite the fact that they all contain terminal sialic acid and other more extensive structural similarities. This is because terminal sialic acid is not normally immunogenic due to its ubiquitous occurrence in human and animal tissue (6) . This reasoning also applies to larger sialooligosaccharides in the polysaccharides. For example, the terminal ct-NeuAc-(2÷3)--D-Gal.a unit of the types Ia and lb polysaccharides has been identified as nd-group in both the multiple 0-and N-tetrasaccharide units of fetuin (19) and the important human M and NThlood group substances (20) , while the equivalent c*-(2+6)-linked disaccharide of the type III polysaccharide exists as end-group in human serotransferrin (21) . Oligosaccharides consisting of linear a-(2+8)-linked sialic acid, a structural feature of the group B polysaccharide, have also been identified in the gangliosides of human and animal brain tissue (22) (23) (24) (25) .
Despite the fact that sialic acid is not normally immunologically expressed it still remains immunodominant in a non-classical sense (26) . Thus we have a unique situation, where although sialic acid may not even be a part of a determinant, it is still able to exert conformational control over determinants involving more remote domains of the polysaccharide. This fact has important implications in the formulation of human polysaccharide vaccines. For example, in the possible use of polysaccharide vaccines against meningitis caused by group B streptococcal organisms. Although it is possible for humans to produce numerous antibody populations with different specificities to the type III antigen, it is only antibody made to the sialic acid-controlled determinant that is protective (4).
Using serological techniques a number of conformational determinants have been identified in the above polysacchari des, and by correlating serol ogi cal and NMR data on the native and specifically modified native polysacchari des we have located and attempted to define some of these conformational determinants with greater precision.
Type III polysaccharide determinants Immunization of rabbits with type III group B streptococcal organisms induces two distinct populations of antibodies with a specificity for determinants on the type III native capsular polysaccharide (8) . That the specificity of the determi nant corresponding to the major popul ati on of antibodies is dependent on the presence of sialic acid on the type III antigen was demonstrated by immunodiffusion and quantitative precipitin experiments, with this antiserum, using the native (structure shown in Table  1 ), carboxy-reduced native, desialylated (core), and degalactosylated core (backbone) type III antigens (8) . The quantitative precipitin experiments are shown in Fig. 2 and demonstrate that only the native type III antigen is the complete antigen, the chemically modified antigens being capable of only partial preci pi tati on and absorpti on of the total anti body. On the basis of these serological experiments the total antibody can be conveniently divided into two populations, one with and one without dependence on the presence of sialic acid on the type III antigen. From these experiments it can also be deduced that the backbone is the site of the determinant responsible for the producti on of the latter anti body popul ati on. It is of interest to note that while sialic acid is involved in the formation of the determinant responsible for the former antibody population, because of the immunological specificity exhi bi ted by the group B streptococcal polysacchari des and the fact that they all have terminal sialic acid residues, it cannot be immunodominant in the classical sense (26) . One possible explanation for this phenomenon could be that specificity is achieved via a much larger determinant of which sialic acid is only a small part. However, this possibility was rejected when in inhibition studies both serotransferrin and the type III core antigen, having all the additive and overlapping features of the native type III antigen, proved to be poor inhibitors of the homologous serological reaction (8) .
Therefore the conformational dependence of this determinant was postulated in which the terminal sialic acid, and in particular because of the serol ogi cal equivalence of the reduced native and core type III antigens (Fig. 2) , the carboxylate group of these residues, must play an important part. Confirmatory evidence for the occurrence of such a conformational change in the determinant, due to the loss or reduction of these sialic acid residues, can be obtained by comparing the chemical shifts of the anomeric and linkage carbons in the '3C-NMR spectra of the native, reduced native and core type III antigens (Fig. 3) . Chemical shift displacements involving these particular carbons can be indicative of inter-glycose conformational changes (27, 28) . In the spectrum of the native type III antigen (Fig. 3) one anomeric signal at 103.6 p.p.m. and one of the three linkage signals at 78.3 p.p.m. underwent significant displacements on carboxyl-reduction or removal of sialic acid from the native type III antigen. Using the backbone antigen as a mode' in '3C-NMR spectroscopic studies, it was possible to assign the displaced linkage signal to C-4 of the 2-acetamido-2-deoxy-R-D.. glucopyranosyl residues (C) in the repeating unit of the native type 111 polysaccharide (Fig. 3) . This evidence indicated a conformational change involving the branches of the native type III antigen, rather than more extensive conformational changes in its backbone, and is consistent with the serol ogi cal evi dence i n whi ch the anti geni ci ty of the backbone determi nant was found to be independent of the presence of terminal sialic acid residues. The proposed conformation of the native type III antigen is shown in Fig. 3 and its formation probably involves interactions between terminal sialic acid (E) and the penultimate 2.-acetamido-2-deoxy-r-D-glucopyranosyl residues (C) of the backbone. Models (CPK) indicate that ft is possible for the sialic acid residues of the repeating unit shown in Fig. 2 to be situated in close proximity to these latter residues (C), and all the evidence is still consistent with the possibility that hydrogen bonding coul d be a factor i n the i nter-glycose i nteracti ons whi ch stabi 1 i ze this conformation. No evidence for such a conformational change could be obtained using high resolution 1H-NMR, because there were no significant chemical shift displacements in the anomeric protons of native type III polysaccharide when it was desialylated or carboxyl-reduced (29) .
A recent analysis (9) of the '3C-NMR chemical shift data of the identical sialotrisaccharide involved in the formation of the conformational determinant (residues E, D and C) also confirms the aforementioned postulate. On removal of terminal sialic acid from the above trisaccharide, equivalent large chemical shift displacements were observed for carbons Dl and C4 which were rationalized on the basis of conformational changes instigated by strong interactions between sialic acid (E) and residue C.
Conformational changes also occurred in the equivalent trisaccharide where residue C was R-D-glucopyranose. However the formation of such a conformation invlving the above trisaccharide cannot solely be responsible for the specificity of the native type III determinant, because the identical trisaccharide failed to inhibit the homologous serological reaction of the native type III antigen. Obviously this serological specificity must also depend on backbone residues, although the participation of these residues must be limited due to the fact that the core antigen is also a poor inhibitor of the above serol ogi cal reacti on (8) . The parti ci pati on of backbone resi dues in the conformati onal determi nant has been confirmed in recent preliminary serological studies (30) . In these studies it has been demonstrated that the pentasaccharide repeating unit, having the same sequence as depicted in Fig. 3 , does have inhibitory properties in the homologous serological reaction of the native type III polysacchari de.
Types Ia and lb polysaccharide determinants
The types Ia (1) and lb (2) polysaccharide antigens of group B Streptococcus are isomers, hiving trisaccharide branches terminating in sialic acid. The structural elucidation of these polysacchari des was achieved largely by methylation analyses of a series of specifically modified antigens in which terminal glycoses were sequentially removed from their trisaccharide branches, to yield their desialylated (3 and 4), degalactosylated (5), and deglucosaminylated backbone (6) antigens. These modified antigens were also In I these residues are (1+4)-linked and i 2 they are (1+3)-linked. This small structural difference between the two polysaccharides has a profound effect on their individual immunological properties.
Like the type III group B streptococcal organisms, those of type Ia produce two distinct populations of antibodies in rabbits, one of these populations being dependent on the presence of terminal sialic acid in the type Ia antigen. This was demonstrated in quantitative precipitation experiments using the above antiserum (29) in which the native Ia antigen was still able to preci pi tate further significant quantities of anti body following absorption of the antiserum with 3 and carboxyl -reduced 1. Although the types Ia and lb polysaccharides are weakly cross-reactive, which is Unfortunately we have been unable to locate this determinant from either Hor 13C-NMR chemical shift data (29) . Although some displacement of anomeric signals, not associated with sialic acid, were observed in comparing the '3C-NMR spectra of the native and core Ia antigen, no equivalent displacement in the linkage signals was observed. Both 1 and 3 exhibit two linkage signals at 82.9 and 79.7 p.p.m. in the intensity ratio of 1:2. On the basis of previous assignments the former signal could be assigned to the carbon atom at B3 and the latter to those at C4 and A4. The signals of the carbon atoms at B4 and D3 were unobservable because they were hidden in a higher field complex group of overlapping signals. However it is highly unl i kely that torsi on angle changes at B4 could alone explain the formati on of the serologically-detected conformational determinant because 5 is still able to precipitate some of the antibody made to the native Ia poTysaccharide. The fact that 6 is unable to precipitate any of the above antibody indicates that theThranches of the native Ia antigen must be involved in all the determinants responsible for the polysaccharide specific antibodies. Because the carboxyl-reduced 1 is serologically equivalent to 3 one can rationalize all the above evidence if one proposes that, as in the case of the native type III antigen, the si al i c acid resi dues of the native This is because models (CPK) of the terminal trisaccharide (a-NeuAc-(2+3)--D-Ga1j-(l÷4)-R-D-G1cNAc) indicate that these two residues cannot be plced in close pFoximity to each other, and more convincingly because of the fact that the type lb polysaccharide (2), which has an identical terminal trisaccharide, does not form such a conformational determinant (see later). Therefore it is necessary to propose that this interaction occurs with even more remote parts of the moecu1e, e.g. the backbone or another branch.
The above hypothesis is attractive because it provides an explanation for the apparently conflicting serological and 13C-NMR spectroscopic results.
Such a 1 ong-range i nteracti on woul d mi ni mi ze di storti on of the torsi on angles of linkages in the branches of the native Ia antigen because this distortion could be absorbed by more than one linkage. Thus the torsion angle changes in each individual linkage might not be large enough to result in detectable chemical shift displacements in the signals of the linkage carbons. Also from a serological point of view these conformational changes may be small enough that they would not necessarily impair the ability of the antibodies, made exclusively to the branches of the native Ia antigen, from still recognizing the equivalent domains on the branches of the core antigen. The serological specificity of the sialic acid determinant must therefore be dependent on its binary nature being situated across two domains of the native Ia polysaccharide, adjacent in space, at least one of these domains being situated on the branches of the native Ia polysaccharide. Nulification of the long-range interaction involving sialic acid, by its carboxyl-reduction or removal, would then result in sufficient separation of these domains to cause lack of recognition by these antibodies. (2) and core (4) lb polysaccharides. Because 1 and 2 only differ in the position of linkage between residues C and 0, this must be the critical structural feature which determines whether interaction occurs or not.
Because of a determinant situated on 5, the types Ia and lb polysaccharides do cross-react to a certain extent (29, 30) . However this cross-reaction is minimal despite the fact that the degalactosylated antigen is very strongly expressed in the type lb antiserum. Obviously these determinants are not readily available on the type Ia native or core antigens which could be due to differences in shielding of the degalactosylated antigen (5) by branch component sugars.
Type II polysaccharide determinant One of the unique features of the type II polysaccharide, as opposed to the other group B streptococcal polysaccharides, is that it has sialic acid attached directly to its backbone. Two distinct populations of antibodies have been defined in antisera raised in mice and rabbits immunized with whole group B streptococcal organisms (32) , and it has been demonstrated that one population of antibodies is dependent on the presence of sialic acid. This is exemplified by the ability of the native type II polysacchari de to precipitate the above anti serum even following absorpti on of this antiserum with the desialylated (core) antigen (Fig. 4) . The type II polysacchari de also differs from the other group B streptococcal polysacchari des in that it has termi nal B -D-gal actopyranosyl residues. This structural feature was proposed earlier on=the basis of inhibition studies (33, 34) , in which D-galactose was shown to have strong inhibitory
properties. This as been corroborated in more recent serological studies in which it was demonstrated (31) that D-galactose was capable of inhibiting populations of antibodies in a type II ntiserum precipitating both the native and core polysaccharides.
Although the type II native polysaccharide is slightly cross-reactive with that of the type Ia, presumably due to the fact that they share a common sialopentasaccharide, sialic acid is not immunologically expressed, because no such cross-reaction occurs with the isomeric type lb polysaccharide (31) . However, because sialic acid is a necessary adjunct to the determinant responsible for the major population of the antibodies to the type II native antigen, one must again suspect the presence of a sialic acid-controlled conformational determinant.
Using a combination of serological and NMR spectroscopic data it was possible to locate the critical structural feature involved in this determinant (35) . The structure of the repeating unit of the type II antigen is shown in 7, and assuming that it is analogous to the types Ia and III group B streptocccal polysaccharides, the conformational determinant is probably generated by interactions between sialic acid and other domains of the polysaccharide. One can deduce that this interaction must be localized to regions of the backbone of 7 in the vicinity of the sialic acid residues because these latter residues ire only present as single branched residues. However, an examination of 7 indicates that theoretically two such In comparing the '3C-NMR spectra of 7, carboxyl-reduced 7 and desialylated 7, displacements in the anomeric signals and one signal in the linkage Fegion of the latter two spectra were observed. It was not possible to assign the displaced anomeric signals but the displaced linkage signal could be assigned, using previous assignments made on structures similar to 7. The 13C-NMR spectrum of 7 exhibits four linkage signals at 84.7 (B3), 3.3 (E3) and 80.3 (A4 and D4T p.p.m., and only the signal at 84.7 p.p.m. was significantly displaced to 85.3 p.p.m. by both carboxyl-reduction and removal of the sialic acid residues. The above evidence is consistent with sialic acid, acting exclusively through its carboxylate group, creating changes in the torsion angles of the bonds between residues A and B of 7. This would require proposing interactions between sialic acid and residue A to form a four-residue ring system. Space-filling models (CPK) indicate that such an interaction is possible and the evidence is consistent with the fact that hydrogen bonding between the carboxylate group and the 2 OH of resi due A could be one of the forces in this interaction, although obvi ously additional forces could also be involved. The 1H-NMR studies on 7 and carboxyl -reduced 7 (35) fully confirm the aforementioned hypothesis. The chemical shifts of the anomeric protons of the 7 and selectively modified 7 are shown in Table 2 . confidence to the anomeric protons of residues A and B respectively. Thus the carboxylate group is responsible for the deshielding effect on both anomeric protons, and for this effect to occur both protons must be in close proximity to the carboxylate group. This result not only confirms the existence of the proposed four-residue ring interaction but uniquely defines with some precision the geometry of the resultant conformational determinant. It is of interest to note that among all the group B streptococcal polysaccharides only the sialic acid residues of 7 are neuraminidase-resistant (12) , and that this also applies to the structurally related GM1 ganglioside (II NeuAc-GgOSe,Cer) (36).
Groups B and C polysaccharide determinants The groups B and C polysaccharides of Neisseria meningitidis are homopolymers of sialic acid (17, 18) , the sialic acid residues being linked cx-(2-'8) in the former (8) and ct-(2+9) in the latter (9) . Because of this linkage difference the immunological properties of th polysaccharides differ profoundly. While the C polysaccharide is highly immunogenic, and is currently used as a constituent of a vaccine against meningococcal meningitis in humans (1,3) , the B polysaccharide is only poorly immunogenic Sialic acid-containing polysaccharides of human pathogenic bacteria 903 HOH2C (37) even when conjugated to a carrier protein (38) . It is interesting to note that even i n the Escheri chi a col i K92 polysacchari de , whi ch contains alternating sequences of ct-(2+a)-iiTcx-(2÷9)-linked sialic acid, only antibodies with a specificity for the latter linkage could be detected (39) .
Whol e group B organi sms are abl e to produce 1 ow 1 evel s of B polysacchari despecific antibodies in animals and humans, however, these antibodies are exclusively 1gM and are of very low affinity (40) . Possible reasons for the poor immunogenicity of the B polysaccharide include degradation of the polysaccharide by tissue neuraminidase, intramolecular esterification (41), and tolerance due to cross-reactive tissue components. None of the available evidence is supportive of either of the former two mechanisms and the identification of structures similar to 8 (n = 1 to 7) in the gangliosides of human and animal brain tissue (22) (23) (24) (25) has lent credence to the latter argument. The sialoglycopeptides from human and rat brain bind to B polysaccharide-specific horse antibodies and inhibit the homologous serological reaction of these antibodies (25) .
Although the B and C polysaccharides differ in most of their immunological properties they do have one property in common with each other and with the group B streptococcal polysacchari des, in that thei r termi nal si al i c acid residues are non-immunogenic (42) . This was demonstrated for both polysacchari des when the methyl cz-glycosi de of si al ic acid failed to inhibit the homologous serological reaction of either polysaccharide (42) . However, unlike the Ia, II and III group B streptococcal polysaccharides the terminal sialic residues of 8 and 9 do not have individual functions in controlling the conformation ofdeterminants.
To locate and define these determinants, the ability of a series of sialooligosaccharides to inhibit the homologous serological reaction of both polysaccharides was determined. The oligosaccharides were obtained by the partial hydrolyses of the polysaccharides (42) . Except for the nonimmunogenicity of its terminal sialic acid, the group C polysaccharide (9) behaved serologically like any other linear polysaccharide (42) . The disaccharide unit of 9 was the minimum unit capable of inhibiting the homologous serological reaction and the ability of larger oligosaccharides to inhibit the reaction increased to a maximum at n = 2 or 3. In contrast the B polysacchari de (8) exhi bi ted very different properties in that no significant inhibition of its homologous serological reaction was obtained using the equivalent oligosaccharides 8 (n = 4 or 5) obtained from the B polysaccharide. This phenomenon has been observed in another laboratory (43) and is currently under investigation. Two possible reasons for the failure of the above oligosaccharides to inhibit are that either the minimum sized-determinant involved is large or that the determinant is 8 0 9 conformational in nature. This could be due to the presence of secondary structure in the B polysaccharide.
CONCLUSION
On the basis of the correlation of serological and NMR spectroscopic data, a working hypothesis has been developed to explain the unique function of sialic acid in the control of the formation of types Ia, II and III Group B streptococcal poysaccharide determinants. The formation of these determinants is achieved by the ability of sialic acid to interact with other remote glycosyl units in the polysaccharides. However, the evidence submitted is insufficient to ignore the possibility of other important factors, not considered in our arguments, involved in what could be a varied and highly complex mechanism. Certainly in addition to hydrogen bonding, the contribution of other means of bonding must be considered in these through-space interactions. Also, because of the limitations of coventional inhibition techniques, the serological evidence supporting the conformational determinant is based on the non-immunogenicity of sialic acid as a whole, and does not consider the possibility that a part of sialic acid coul d be i nd uded i n a determi nant • Thi s mi ght be i mportant for example, should the carboxylate group of sialic acid function as a small but highly cri ti cal part of a determi nant. Studies using rel ated oh gosacchari des are now in progress, to determine with greater precision the nature of these sialic acid-controlled determinants.
